Acupuncture is a form of Eastern medicine that has been practiced for centuries. Despite its long history and worldwide application, the biological mechanisms of acupuncture in relieving pain have been poorly defined. Recent studies in mice, however, demonstrate that acupuncture triggers increases in interstitial adenosine, which reduces the severity of chronic pain through adenosine A1 receptors, suggesting that adenosine-mediated antinociception contributes to the clinical benefits of acupuncture. We asked here whether acupuncture in human subjects is also linked to a local increase in interstitial adenosine concentration. We collected microdialysis samples of interstitial fluid before, during, and after delivering 30 minutes of conventional acupuncture in the Zusanli point in human subjects. The interstitial adenosine concentration increased significantly during acupuncture and remained elevated for 30 minutes after the acupuncture. Acupuncturemediated adenosine release was not observed if acupuncture was not delivered in the Zusanli point or if the acupuncture needle was inserted, but not rotated. This study strengthens the role of adenosine in acupuncture-mediated antinociception by directly providing such evidence in humans.
inflammatory drugs and opioids often pose serious side effects, contraindications, physical dependence, and tolerance. 23, 25 Alternative treatments are thus critically needed.
Acupuncture is one of the most common nonpharma-cological pain-relieving alternative treatments and is being practiced worldwide. 35 Despite its long history and worldwide practice, the mechanism of acupuncture-mediated analgesia has not been fully elucidated. One proposed mechanism involves the release of opioid peptides in the central nervous system in response to the long-lasting activation of ascending tracts during the intermittent stimulation. 10, 12, 39 However, acupuncture is conventionally applied in close proximity to the locus of pain and the analgesic effects of acupuncture are often restricted to the ipsilateral side, thus pointing to a peripheral and local action of acupuncture. 21 Consistent with this observation, using mouse models of chronic neuropathic or inflammatory pain, we found in a recent study that the analgesic effects of acupuncture were mediated by a local release of adenosine and activation of adenosine A1 receptors. 8 Adenosine is a purine nucleoside that previously has been shown to have analgesic effects. 28, 30, 36, 41 Given the potential clinical and mechanistic impact of these animal studies to human acupuncture, we sought to further characterize this pathway in human subjects.
In the present study, human volunteers received conventional acupuncture in the Zusanli point (ST36), medial and lateral to the midline of the knee as described below and in our previous study. 8 Our results indicate that acupuncture triggers adenosine release in humans comparable to that previously observed in mice. Interestingly, acupuncture needle placement in a nonacupuncture point in equal distance to the microdialysis probe did not trigger significant increases in local adenosine concentration. Similarly, insertion of the acupuncture needle without rotations also did not lead to significant increases in adenosine concentration. Thus, this study provides further credence to the critical role of peripheral adenosine in acupuncture-induced nociception.
Methods

Acupuncture and Microdialysis
All procedures were approved by the National Basic Research Program of China (973 Program, 2007CB51 03, Beijing Tiantan Hospital, Beijing, China). The 15 subjects enrolled in the study were healthy male volunteers, 24 to 30 years of age with weight ranging from 65 to 75 kg. None were taking medications during the period of this study, and those with a history of impaired renal and/or hepatic function were excluded. All volunteers were given a detailed description of the study and their written consent was obtained. During the procedure, the subjects were sitting in a comfortable chair with the right leg extended on a small table and were asked to keep their leg relaxed and motionless. Lidocaine (.4%) was administered subcutaneously in the skin at 5 cm caudal to the Zusanli acupoint prior to insertion of sterile human microdialysis probes (CMA 60; CMA Microdialysis, Stockholm, Sweden). 1 Microdialysis probes (30-mm dialysis membrane length and .6-mm outer diameter, 20 kDa cut-off) were inserted so that the tip of the probe was positioned at .5 cm to the Zusanli acupoint aiming upward toward the peroneal nerve as shown in Fig 1. Saline was perfused at a rate of 1 μL per minute. After 150 minutes of equilibration period, the dialysates were collected every 30 minutes for an additional 120 minutes. One dialysate was collected before and 2 dialysates were collected after the 30-minute session of acupuncture, which was performed at the Zusanli point. In practice, the acupuncturist uses the patient's fingers to adjust for differences in body size. Using this method, the Zusanli point is localized 4 fingers below the patella and 1 midfinger lateral to the midline. 33 The acupuncture needle (.35-mm diameter, 75-mm total length; Hwato, Suzhou Medical Appliance Factory, Suzhou City, Jiangsu Province, China) was inserted vertically and rotated moderately to attain the propagated "Qi" reaction, 18 alternating between 5 minutes of continuous, bidirectional rotations (2-3 rotations per direction) and 5 minutes of rest for 30 minutes, after which the acupuncture needle was removed. Samples were collected on ice every 30 minutes and immediately frozen at −80°C until high-performance liquid chromatography (HPLC) analysis. Additionally, 5 subjects received 1 more microdialysis probe at the exact location in the left leg in addition to the right leg. Dialysates were separately collected simultaneously, and the right leg received acupuncture as described above. Samples collected from the left leg were treated as control to the acupuncture effect. Alternatively, 5 subjects also received acupuncture but the needle was left untouched without rotations for the 30-minute acupuncture session. Another 5 subjects received acupuncture as described above, with rotations, but the needle was inserted at 2 cm lateral to the Zusanli acupoint with the needle tip aiming within .5 cm to the probe. In order to assess the effect of muscle movement, subjects were asked to gently move the tibialis anterior muscle during the 30-minute sample collection by ankle flexion-extension 15 times per minute without moving knee position.
HPLC Analysis of Purines
The HPLC analyses were carried out using CoulArray 5600A HPLC System (ESA Inc, Sunnyvale, CA) and a model 526 UV detector (ESA Inc) as previously described. 8 The relative recovery of the probe was calculated using an in vitro procedure in which the probe was dialysed against known concentrations (1-3 μM) of purines dissolved in saline (for CMA 60 probes) or in Ringer's solution (for MD-2212 probes, 2-mm dialysis membrane length and .22-mm outer diameter, 38 kDa cut-off; Bioanalytical Systems, West Lafayette, IN) and was perfused at 1 μL/min for 30 minutes. The concentration of each purine in dialysates was divided by its known concentration to obtain the probe relative recovery rate.
Statistics
Data were expressed as mean ± standard deviation (SD), or mean ± standard error of the mean (SEM) where we made comparisons among the different groups. Outliers of the data were rejected based on Grubb's test (α = .05), and normality of the data was examined with Shapiro-Wilk test (α = .05). Statistical significance was evaluated with Student t-test, paired t-test, analysis of variance (ANOVA), or repeated measures ANOVA with the TukeyKramer test.
Results
Prior to the experiment, the Zusanli acupoint was localized in each subject according to traditional description methods (see Methods section). 37 The microdialysis probe was inserted at 5 cm caudal in the angle toward the Zusanli point so that the probe tip was positioned within .5 cm from the acupuncture needle tip when the needle was inserted at Zusanli (Fig 1) . Collection of steady-state baseline dialysis sample was started 150 minutes after the implantation of the probe. The acupuncture needle was rotated every 5 minutes for 30 minutes and then removed. As illustrated in the flow chart of experimental design ( Fig  2A, left panel) , after a period of 150 minutes equilibration, dialysates were collected for 30 minutes and measured for the baseline levels of purines using HPLC. Adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monoposphate (AMP), and adenosine concentrations in the extracellular space are shown in the representative samples taken from 1 subject (Fig 2A, right panel) . Two subjects were excluded from the study due to unusually high purine concentrations, indicative of muscle movement (see the latter part of the section). The remaining 13 subjects exhibited a baseline adenosine level ranging from 171.4 to 633.4 nM (Fig 2B) . During the 30-minute session of acupuncture, a transient increase of adenosine was observed in all but 1 subject (Fig 2B) . Out of the 12 responding subjects in the subsequent 2 fractions of dialysates following the completion of acupuncture (referred hereafter as Recovery 1 and 2 samples), 10 subjects showed gradual decrease of the concentrations of adenosine over time. In average of the 13 subjects, acupuncture caused significant transient increase of adenosine from 317.6 ± 132.6 nM (mean ± SD) baseline to 529.7 ± 200.3 nM (mean ± SD) during acupuncture (p < .01, repeated measures ANOVA with Tukey-Kramer; Fig 2C) . In the subsequent samples the level of adenosine in Recovery 1 and 2 showed gradual decrease (470.4 ± 193.7 nM and 349.9 ± 145.4 nM, respectively) toward the baseline value. AMP concentration changes failed to show statistical significance (p > .05, Tukey-Kramer), from a baseline of 313.3 ± 135.2 nM to 462.3 ± 237.8 nM during acupuncture, then to (403.1 ± 229.5 nM) in Recovery 1 samples, and (381.7 ± 246.8 nM) in Recovery 2 samples (Fig 2C) . Likewise, ADP and ATP exhibited less consistent changes in response to acupuncture. Concentrations in dialysates were 307. 8 Because the baseline concentration values were highly variable, the changes in the concentrations of purines above were normalized to their respective baseline values and summarized in Fig 2D. Adenosine exhibited a relative increase during acupuncture, averaging 178.1 ± 19.0% (mean ± SEM, p < .01, repeated measures ANOVA with TukeyKramer). By comparison, the changes in other purines were statistically insignificant (p > . 05, repeated measures ANOVA). During acupuncture, AMP was 152.7 ± 15.4%, ADP 124.0 ± 15.7%, and ATP 124.8 ± 18.3% relative to baseline. After acupuncture, adenosine remained significantly high, at 153.4 ± 13.6% at Recovery 1 relative to baseline (mean ± SEM, p < .05, repeated measures ANOVA with Tukey-Kramer). In the Recovery 2 period, adenosine was reduced to 129.2 ± 22.1% of baseline, whereas the changes of the rest of the purines were highly variable and thus not statistically significant overall (Fig 2D) .
Next we attempted to examine if the changes of interstitial purines were unique to the tissue at the acupuncture position, with needle stimulation properly applied, and only when inserted at the acupoints. First, using 2 microdialysis probes inserted in both legs, we measured the purine concentrations at the same location of the leg that did not receive acupuncture while acupuncture was given to the other leg ( Fig 3A) . As reported in Fig 2, legs that received acupuncture showed increases of the adenosine (Fig 3B) . The untreated opposite leg at the time of acupuncture at the other leg showed no changes in the concentration of all purines (Fig 3B) . Normalized concentration change clearly showed that the opposite leg was not affected by the acupuncture, with 104.4 ± 19.2% for adenosine, 101.0 ± 24.3% for AMP, 95.7 ± 22.1% for ADP, and 98.4 ± 20.6% for ATP (n = 5, p > .05, t-test compared to respective baseline; Fig 3C) . The adenosine concentration of the acupuncture side was significantly higher than the no-acupuncture side (p < .05, t-test compared right leg with left), indicating that the effect of acupuncture on tissue purines was local.
Next, we examined whether the acupuncture effect was due to the mere needle insertion, or a mixture of needle insertion and subsequent rotations of the needle. The subjects received acupuncture needle insertion the same way; then the needle was left untouched for the 30-minute period (Fig 3D) . The result was the drastic reduction of adenosine level compared to acupuncture with rotations (n = 5, p < .05, t-test; Fig 3E) . In fact, unlike the result for acupuncture with rotations, adenosine failed to show an increase from the baseline (n = 5, p > .05, t-test; Fig 3E) .
We then also delivered acupuncture (with needle rotations) to a position outside established acupoints to test if acupuncture only releases adenosine in the acupoints (Fig 3D) .
Unexpectedly, the analysis showed that the relative change of adenosine was significantly reduced when acupuncture needle was inserted 2 cm lateral to the acupoint (n = 5, p < .05, ttest; Fig 3E) . In addition, adenosine showed little overall changes in response to acupuncture in both concentration shift from baseline value and normalized values from baseline (n = 5, p > .05, t-test; Fig 3E) . While acupuncture resulted in a large increase of tissue adenosine level, both acupuncture without rotations and acupuncture at non-acupoint had little impact on adenosine level.
Lastly, we tested the effects of movements of the tibialis muscle where microdialysis was inserted. In our acupuncture experiment we have excluded data from 2 subjects due to the high baseline purine levels. We suspected that the high purine concentrations likely resulted from movement of the legs during sample collection. To test this, we asked the subjects to stretch and contract their tibialis muscle by gently moving their ankle during the sample collection (Fig 3F) . This movement resulted in large increase of AMP (6.2 ± 3.9 μM), ADP (3.5 ± 2.1 μM), and ATP (4.4 ± 2.5 μM) compared to acupuncture procedure, where we failed to see the increases of these 3 purines (n = 5; p < .05, t-tests; Fig 3F) . Interestingly, adenosine exhibited a smaller amplitude of increase compared to other purines. The concentrations of nucleotides were highly variable and generally higher, suggesting that the muscle movement primarily results in release of ATP, ADP, and AMP, but less so of adenosine.
To compare the effect of acupuncture on the extracellular purine concentration in humans and mice, 6 we next estimated the interstitial concentration of purines. The microdialysis probes used in mice were much shorter than the probes used in human volunteers (Fig 4A) . The relative recovery of purines at a 1 μL/min flow rate was high for microdialysis probe used for human sampling, ranging from 68 to 92% (n = 4; Fig 4A) , and much lower in mice, ranging from 6 to 16% (Fig 4A) . Based on the relative recovery for the 2 microdialysis probes, we next estimated the actual concentrations of extracellular purines: Baseline steady-state extracellular adenosine concentration was estimated to be 366 ± 42 nM in humans, which was comparable to previous reports, which were in the range of 150 to 700 nM. 5, 11, 26, 27 However, these values were much higher than the estimated extracellular adenosine concentration of 66 ± 42 nM in mice (Fig 4B) . During acupuncture, the adenosine in human subjects increased to 609 ± 64 nM (Fig 4B) but to 1,586 ± 507 nM in mice ( Fig  4B) . Interestingly, the extracellular purine concentrations normalized much more rapidly in mice than in humans. At 0 to 30 minutes after acupuncture, adenosine level in mice was reduced to 18.5% of concentration during acupuncture, and it nearly returned to baseline level (76 ± 33 nM) in the samples collected at 30 to 60 minutes after acupuncture (Fig 4B) . In contrast, normalization of the extracellular concentration of adenosine after acupuncture was much slower in humans, in the range of 542 ± 62 nM at 0 to 30 minutes, and 403 ± 48 nM at 30 to 60 minutes after acupuncture in human subjects (Fig 4B) .
Overall, this analysis shows that all purines, except for AMP, appeared to be present in higher concentrations at rest in humans than in mice. However, mice exhibited higher amplitudes of increases in purine during acupuncture and a greater capacity for rapid normalization following acupuncture (Figs 4C-E) . Nevertheless, humans and mice displayed a similar pattern of purine release in response to acupuncture.
Discussion
This study used microdialysis to sample interstitial fluid in human subjects who received conventional acupuncture treatment. The microdialysis probe was placed along the peroneal nerve and samples of the interstitial fluid were collected before, during, and after acupuncture in the Zusanli point. Subsequent HPLC analysis of purines in the interstitial fluid samples showed that acupuncture induced a significant increase in adenosine concentration and that adenosine remained elevated for at least 30 minutes after the acupuncture needle was removed. The concentration of other purines including AMP, ADP, and ATP were also increased, albeit only AMP exhibited a significant elevation, suggesting that those purines may be quickly degraded to adenosine by extracellular nucleotidase. 4, 8 The pattern of acupuncture-induced changes in interstitial purine concentrations is in principle similar to earlier findings in mice. However, given that acupuncture needles are disproportionately large compared to the small body size of mice, it was important to obtain direct evidence in human volunteers who received conventional acupuncture. The observation that adenosine increases in human subjects during acupuncture strengthens the hypothesis that purinergic signaling plays a role in the analgesic actions of acupuncture by providing direct evidence in a clinically relevant setting.
Several lines of work indicate that acupuncture can produce analgesia by at least 2 distinct mechanisms acting centrally (endorphins) and peripherally. 24 Based on mouse models of chronic neuropathic (nerve ligation) and inflammatory pain (Freund's complete adjuvant injected into the plantar surface), our studies have shown that the interstitial concentration of adenosine increased in response to mechanical acupuncture and that acupuncture failed to reduce pain in transgenic mice lacking adenosine A1 receptors. 8 Furthermore, local injection of an A1 receptor agonist in the Zusanli point potently reduced ipsilateral, but not contralateral, pain. Most importantly, systemic administration of a deaminase inhibitor, deoxycoformycin, prolonged the increase in adenosine concentration and the duration of acupuncture-induced analgesia almost 3-fold. 8 When combined, these observations suggest that adenosine released during acupuncture binds to A1 receptors on afferent nerves that transmit pain information to spinal cord and temporarily reduces transmission of painful input. A1 receptors' activation in dorsal root ganglions, 29 afferent nerves, 8, 41 and nerve terminals 17, 28 have previously been linked to antinociception. This study expands prior work by demonstrating that conventional acupuncture in human subjects also is linked to significant increases in extracellular adenosine concentrations. The mouse studies demonstrated a significant increase in the extracellular concentrations of all purines analyzed, including ATP, ADP, AMP, and adenosine, suggesting that direct cellular injury triggers release of ATP, which subsequently is hydrolyzed in the extracellular space to adenosine. 8 The present data collected from human subjects demonstrated a trend toward a general increase in the extracellular concentration of purine, albeit only adenosine reached significant levels. Technical differences related to the dimensions of the microdialysis probes (Fig 4A) may explain the difference in humans and mice. Additional studies are needed to firmly establish whether acupuncture in human subjects also triggers ATP release. Nevertheless, our data are compatible with the conclusion that the mechanism of acupuncture-induced purine release is shared by humans and mice.
The studies in neither humans nor mice established the source or mechanism of adenosine release. It is, however, of importance to note that remodeling of tissue fibroblast has been noted in response to mechanical acupuncture. 15, 16 Fibroblasts express high levels of connexin 43, which mediates purine release in multiple cell types. 14, 34 Differences in experimental designs may contribute to the difference observed in the resting baseline concentration of adenosine and the response to acupuncture in humans and mice. All experiments in mice were performed during anesthesia, while the human subjects were awake and alert. The local anesthetic did not likely play a major role, since its effect had worn off by the time sample collections begun. Also, local anesthetic was only applied where the microdialysis probe was inserted or at least 5 cm from the Zusanli point. The major difference between sample collections in the 2 species was the dimensions of the microdialysis probes. The probe used in human subjects was much larger than in mice, resulting in a recovery rate of ~80% in human volunteers versus 10% in mice. One consequence of the longer probe used in humans is that interstitial fluid collection includes tissue farther away from acupuncture point and thus effectively dampening the amplitude of acupuncture-induced purine release. The peak amplitudes of purine detected during acupuncture most likely underestimates the actual changes that occur in the acupuncture point. Another potential consequence of the larger microdialysis probe used in human subjects is that the tissue damage is more severe and the resting concentration therefore artificially high. Nevertheless, our measurements were within the range of other reports. 5, 11, 26, 27 It was not possible to use the same microdialysis probes as in mice, since we used the only commercial available microdialysis probes approved for use in human subjects.
Adenosine A1 receptors are G i/o -coupled receptors, and similar to other G i/o -coupled receptors, they are capable of initiating several intracellular signaling pathways, including inhibition of adenylate cyclase as well as with stimulation of phospholipase C. 7, 9 The inhibition of adenylate cyclase in response to adenosine A1 receptor activation is of particular interest, since chronic pain is linked to a persistent increase of cyclic AMP. 19, 31, 32 In addition, acupuncture-induced release of adenosine may also suppress the inflammatory responses typically linked to chronic pain. 3, 8, 40 Thus, it is possible that adenosine released during acupuncture can act via multiple mechanisms, including activation of A1 and A2a receptors to counteract intracellular signaling pathways involved in the development chronic pain. 28 Consistent with the global changes in gene expression associated with chronic pain, acupuncture sessions typically are given repeatedly over several weeks to obtain maximal clinical benefits. Of note, the slow clearance of adenosine in humans compared to mice ( Fig  4B) suggests that the antinociceptive effect of acupuncture lasts longer in humans than in rodents. 2, 6, 8, 22 Obviously more extensive studies are required to elucidate peripheral mechanisms of acupuncture-mediated analgesia. The relatively small sample size from healthy individuals used in this study might prevent us from identifying the true behavior of purines other than adenosine in response to acupuncture when patients need analgesic treatments. Nevertheless, the data reported here provide direct evidence for adenosine release in human subjects receiving traditional acupuncture in the Zusanli point. Our observation provides additional data important for defining the significance of purinergic signaling in acupuncture-mediated nociception.
Perspective
This article presents further evidence of the role of adenosine in acupuncture-mediated antinociception by demonstrating that local adenosine concentrations increase in the acupoint in human subjects receiving traditional acu-puncture. 
